Introduction
============

Cardiovascular diseases are a major cause of morbidity and mortality in patients with diabetes.[@B1] Conventional risk factors such as hypertension, dyslipidemia, and smoking are important in the development of diabetic cardiovascular complications, but they can explain only part of excess risk. Recent studies have suggested that hyperglycemia is also related to increased cardiovascular risk.[@B2]-[@B4] One of the potential mechanisms through which hyperglycemia may contribute to cardiovascular disease is through the formation of advanced glycation end-products (AGEs).

Advanced glycation end-products are bioactive molecules formed by non-enzymatic glycation of proteins, lipids and nucleic acid. AGEs increase in concentration with age and the generation of AGEs is accelerated by sustained hyperglycemia.[@B5] AGEs are related to increased arterial stiffness, which is an independent contributing factor for coronary artery disease (CAD), by inducing collagen cross-linking in the vessel wall.[@B6] Increased arterial stiffness and decreased vascular distensibility lead to increased systolic pressure and cardiac afterload, and decreased diastolic blood pressure, which potentially compromises coronary blood flow.[@B7][@B8] AGEs also contribute to the development of atherosclerosis by binding to specific receptors, such as receptor for AGEs (RAGE), on endothelial cells.

Serum levels of AGEs are increased in both diabetic[@B9][@B10] and non-diabetic[@B11] patients with CAD. Recently, elevated serum levels of AGEs have been reported to be associated with increased aortic stiffness in adults.[@B12] We postulated that serum levels of AGEs are useful for predicting the presence or severity of CAD, and elevated serum levels of AGEs are associated with increased aortic stiffness in patients suspected of having CAD. To address this hypothesis, we investigated whether serum levels of AGEs were different with and without CAD, and correlated serum levels of AGEs with brachial-ankle pulse wave velocity (baPWV), as a marker of arterial stiffness, according to the status of diabetes in patients with suspected of having CAD.

Subjects and Methods
====================

Study population
----------------

We studied 145 consecutive patients, who had been referred to a tertiary referral hospital to be evaluated for suspected CAD. All subjects underwent an invasive coronary angiogram to verify the presence of obstructive CAD, and serum levels of AGEs and baPWV were also measured.

Advanced glycation end-products
-------------------------------

Serum levels of AGEs were measured with a non-competitive enzyme-linked immunosorbent assay. A 96-well microplate was coated at 4℃ overnight with serially diluted AGE-bovine serum albumin (BSA) as the standard, or diluted serum samples. Unbound sites were blocked with 2% skim milk, 0.5% BSA, and 0.5% gelatin in 0.05 M carbonate buffer for 1 hour and washed with phosphate buffered saline (0.05% Tween-20). Each well was incubated for 2 hours with anti-AGE monoclonal antibody (dilution 1 : 1000; Transgenic, Kumamoto, Japan). The plate was washed again and incubated with horseradish peroxidase-labeled goat anti-mouse IgG antibody (dilution 1 : 2000; Zymed, San Francisco, CA, USA) for 1 hour. The unbound antibodies were removed by washing and bound antibodies were detected by incubation with 3,3\',5,5\'-tetramethylbenzidine substrate for 30 minutes. After the reaction was stopped by 1 M sulfuric acid, the resultant color reaction was read at 450 nm using a Victor2 apparatus (Perkin Elmer Life Sciences, Turku, Finland).[@B13]

Coronary angiography
--------------------

Coronary angiography was performed through the right radial artery, or, if this approach was considered difficult, through the right femoral artery. Obstructive CAD was defined as a reduction of 50% or more in the luminal diameter of at least one major epicardial coronary artery, as determined by quantitative coronary angiography analysis. The severity of CAD was determined by the number of diseased vessels with obstructive CAD and identified by the modified Gensini scoring system, which is used to reflect the extent of coronary atherosclerosis by calculating the score based on the number of stenotic coronary artery segments, the degree of their lumen stenosis, and the localization of stenotic changes.[@B14]

Brachial-ankle pulse wave velocity
----------------------------------

All subjects abstained from caffeine-containing food or drink for at least 45 minutes prior to measurement of baPWV. After a subject had been resting in the supine position for at least 5 minutes in a quiet room, blood pressure and baPWV were measured using a VP-1000 automated waveform analyzer (Colin Medical Instruments, Komaki, Japan). Blood pressure was measured in both arms with the blood pressure cuffs of the device, and the higher value was used for the analysis. The highest value of baPWV measured on either side of each patient was used for the analysis.

Statistical analyses
--------------------

Values are expressed as mean±SD. Comparison of the continuous variables between subgroups was conducted via unpaired t-test and one-way analysis of variance test, and categorical variables between subgroups was conducted via chi-square test. Correlations were assessed using Pearson\'s correlation test. Receiver operating characteristic (ROC) curve analysis was used to determine the optimal cutoff point of the serum levels of AGEs for predicting obstructive CAD. Multiple regression analysis using serum levels of AGEs, creatinine, and age as independent variables significantly different in univariate analysis were performed for the presence of obstructive CAD and the associations with the number of vessel diseases (VDs). All analyses were conducted using the Statistical Package for the Social Sciences (SPSS) statistical package ver. 15 (SPSS Inc., Chicago, IL, USA) and p\<0.05 was considered to be significant.

Results
=======

Baseline characteristics
------------------------

The clinical characteristics of the patients in this study are shown in [Table 1](#T1){ref-type="table"}. This study included 44 diabetics (65±9 years, 59% male) and 101 non-diabetics (63±9 years, 57% male). Both diabetic and non-diabetic individuals were classified into three subgroups based on the number of diseased vessels with obstructive CAD: 0, 1, and more than 2 VDs and calculated using the modified Gensini scoring system. Among these subgroups, there were significant differences in age, serum levels of creatinine, and AGEs in diabetic patients and, for sex, incidence of hypertension and smoking, serum levels of creatinine in non-diabetic patients. Modified Gensini score differed significantly among subgroups classified by the number of VDs in both diabetics and non-diabetics.

Serum advanced glycation end-products and obstructive coronary artery disease
-----------------------------------------------------------------------------

Serum levels of AGEs were significantly higher in diabetics with obstructive CAD than in those without obstructive CAD (2.16±0.29 vs. 1.85±0.29 mU/mL, p=0.010) ([Fig. 1](#F1){ref-type="fig"}), but did not differ significantly between non-diabetics with and without obstructive CAD (1.86±0.39 vs. 1.90±0.34 mU/mL, respectively; p=0.590). In the ROC analysis to determine the optimal cut-off value of serum levels of AGEs as a predictor of obstructive CAD in diabetics, the cut-off value of 1.98 mU/mL had 64% sensitivity and 63% specificity in predicting obstructive CAD (p=0.031) ([Fig. 2](#F2){ref-type="fig"}).

Serum levels of AGEs were significantly correlated with the number of VDs in diabetics (r=0.504, p\<0.001) ([Fig. 3](#F3){ref-type="fig"}), but they were not significantly correlated with the number of VDs in non-diabetic patients (r=-0.136, p=0.174).

Multiple regression analysis suggested that serum levels of AGEs and creatinine could independently predict obstructive CAD, and that serum levels of AGEs were associated with the number of VDs in diabetics ([Table 2](#T2){ref-type="table"}).

Serum advanced glycation end-products and brachial-ankle pulse wave velocity
----------------------------------------------------------------------------

Serum levels of AGEs were not significantly correlated with baPWV in diabetics (r=0.178, p=0.247) or non-diabetics (r=-0.113, p=0.259). BaPWV was also not significantly different in diabetics (1746±385 vs. 160±289 cm/s, respectively; p=0.320) or non-diabetics (1612±302 vs. 1622±464 cm/s, respectively; p=0.893), with or without obstructive CAD.

Serum advanced glycation end-products and other laboratory data
---------------------------------------------------------------

Serum levels of AGEs were not significantly correlated with hemoglobin A1c (HbA1c) (r=-0.147, p=0.347) and serum creatinine (r=0.256, p=0.093) in diabetics.

Discussion
==========

Diabetes is closely associated with macrovascular and microvascular disease. As a potential pathophysiologic mechanism for vascular complications related to diabetes, recent studies have focused on the role of AGEs, a biochemically diverse group of compounds that accumulate with aging, and according to the status of renal impairment and diabetic state.

Advanced glycation end-products-mediated intramolecular and intermolecular cross-linking of collagen in the arterial wall lead to a decrease in enzymatic proteolysis and degradation rate by altering its surface charge and packing density, ultimately reducing arterial compliance.[@B15][@B16] Increased arterial stiffness and decreased vascular distensibility leads to increased systolic pressure and cardiac afterload, and decreased diastolic blood pressure that could potentially compromise coronary blood flow.[@B7][@B8] Increased arterial stiffness is reflected in increased PWV, and is known to be a predictor of coronary heart disease, stroke, and cardiovascular mortality.[@B17][@B18]

There are many recognized binding proteins for AGEs, some of which act as receptors, such as AGE receptors 1, 2, and 3, macrophage scavenger receptors 1 and 2, CD 34, megalin, ezrin, radixine, moesin protein, and RAGE. AGEs contribute to the impairment of endothelial function by reducing nitric oxide,[@B19] increasing the oxidation of low density lipoprotein,[@B20] chemotaxis and activation of monocytes,[@B21] increasing generation of reactive oxygen species,[@B22] upregulating inflammation,[@B23] and, finally, lead to the development of atherosclerosis via these receptors.[@B24] Recently, the RAGE receptor has been recognized as being most biologically significant in the setting of atherosclerosis.

Previous studies reported serum levels of AGEs to be related to the degree of coronary atherosclerosis in both diabetics[@B9][@B10] and non-diabetics[@B11] with CAD. Recently, Semba et al.[@B12] reported that increased serum levels of AGEs were associated with increased arterial stiffness among relatively healthy community-dwelling adults. This study evaluated the usefulness of serum levels of AGEs in predicting obstructive CAD, and the association between serum levels of AGEs and arterial stiffness using baPWV, the most widely-used PWV index, in both diabetic and non-diabetic patients suspected of having CAD. We postulated that serum levels of AGEs are useful in predicting the presence of CAD, and that is associated with increased arterial stiffness in patients suspected of having CAD. Our major finding was that serum levels of AGEs were significantly higher in diabetic patients with obstructive CAD than in those without obstructive CAD, and reflected the severity of coronary atherosclerosis irrespective of arterial stiffness as measured by baPWV in diabetic patients. Although a trend of increasing arterial stiffness in diabetic patients with obstructive CAD was noted, baPWV was not correlated with serum levels of AGEs or showed significant difference between the absence and presence of CAD in diabetes. This may suggest that the receptor dependent actions of AGEs, through receptors such as RAGE, tend to be more potent than increased arterial stiffness in the genesis of coronary atherosclerotic disease, and also suggests that an increase in serum AGEs more precisely reflects the progression of atherosis than increased arterial wall stiffness in patients with diabetes. Some of the increase in serum AGEs may also represent increased modification of low density lipoprotein as a result of glycation, which plays a central role in the development of atherosclerosis.[@B25] Although a PWV is good method to predict cardiovascular events, evaluation of PWV and serum levels of AGEs together may be more effective to predict CAD in diabetic patients, especially within normal range of PWV value. Additionally, it is important to note that serum levels of AGEs are not increased with obstructive CAD or reflect the severity of coronary atherosclerosis in non-diabetic patients. This result may support the critical role for AGEs in the pathogenesis of coronary atherosclerosis in diabetic individuals.

Unlike Semba et al.[@B12] who reported that increased serum levels of AGEs were associated with increased arterial stiffness, our finding did not showed significant association between serum AGEs and baPWV in both diabetics and non-diabetics. This might be caused by the difference in study population. The aforementioned study examined relatively healthy community-dwelling adults. By comparison, our study population was high-risk patients who had been referred to a tertiary referral hospital to be evaluated for suspected CAD. It might be also interpreted that increased serum levels of AGEs might more accurately reflect the progression of coronary atherosis than increased arterial stiffness in diabetic patients with suspected of having CAD.

Previous studies have suggested that chronic hyperglycemia contributes to increased cardiovascular risk, and one potential mechanism may be through the formation of AGEs.[@B3]-[@B5] However, Ono et al.[@B26] found that serum levels of AGEs did not correlate with serum HbA1C in patients whose serum levels of creatinine were \<4.0 mg/dL. Kilhovd et al.[@B9] also reported a lack of significant correlation between serum AGEs and HbA1c. Kiuchi et al.[@B10] found that serum levels of AGEs were not correlated with recent serum HbA1C, but were positively correlated with serum mean 4-year HbA1C. We also found a lack of significant correlation between serum levels of AGEs and serum HbA1C in diabetics. This was probably caused by a different turnover and a time lag between the production of AGEs and removal from tissue AGEs accumulation, and may suggest that long term poor glycemic control is associated with AGEs production.

Renal function affects serum levels of AGEs. Makita et al.[@B27] reported that serum levels of AGEs were increased in end stage renal disease but not in normal renal function. In our study, only two patients had decreased renal function (serum levels of creatinine \>1.5 mg/dL), and there were no end stage renal disease patients. Multiple regression analysis demonstrated that serum creatinine is related to the presence of obstructive CAD, but not independently associated with the number of VDs.

There were some limitations to this study. The accurate indicator reflecting central arterial stiffness has been considered to be aortic PWV measured as the carotid-femoral PWV (cfPWV). In this study, however, we used the baPWV, which has been increasingly used as an index of arterial stiffness, because the automatic waveform analyzer did not provide the value of cfPWV. A baPWV is indirectly estimated using PWV from the heart to the brachial and posterior tibial arteries, because the pulse wave does not propagate directly from the brachial arteries to the posterior tibial arteries in the same arterial tree. Also, the peripheral arteries do not represent aging and disease-related changes as do the central arteries. Despite these limitations of baPWV, previous studies have suggested that baPWV is a useful measure for arterial stiffness. Yamashina et al.[@B28] reported that baPWV could able to be considered an acceptable marker with an efficacy comparable to that of cfPWV. Sugawara et al.[@B29] also reported that baPWV provide similar qualitative information, which was derived from central arterial stiffness. Thus, it may be reasonable to use baPWV for evaluation of central arterial stiffness in this study. Another limitation of this study is that we did not evaluate other structurally-identified AGEs such as pentosidine, which could be associated with CAD, and the RAGE receptor, which is known to contribute significantly to the development of atherosclerosis in both diabetic and non-diabetic subjects.

In summary, the serum level of AGE is an independent predictor of obstructive CAD, and reflect the severity of coronary atherosclerosis irrespective of arterial stiffness only in diabetic patients with suspected CAD. Evaluation of PWV and serum AGEs together may be more effective to identify the risk of CAD in diabetic patients.
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###### 

Clinical characteristics of the study subjects
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Data are expressed as n (%) or mean±SD. Differences between groups were tested by chi-square and ANOVA with Bonferroni\'s post hoc test performed if p\<0.05. ^\*^p\<0.01 vs. 0-vessel disease, ^†^p\<0.05 vs. 1-vessel disease, ^‡^p\<0.05 vs. 0-vessel disease. CAD: coronary artery disease, SBP: systolic blood pressure, DBP: diastolic blood pressure, DM: diabetes mellitus, HDL-C: high density lipoprotein-cholesterol, LDL-C: low density lipoprotein-cholesterol, FBS: fasting blood sugar, HbA1c: hemoglobin A1c, AGEs: advanced glycation end-products, baPWV: brachial-ankle pulse wave velocity, ANOVA: analysis of variance
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Multiple regression analysis for the presence of obstructive CAD and the number of VDs in diabetics
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β: standard regression cofficient, CAD: coronary artery disease, VDs: vessel diseases, AGEs: advanced glycation end-products, SE: standard error
